The electrochemical reduction of carbon dioxide and formic acid has been studied in aqueous solutions on tin and indium electrodes using a-c impedance and photoemission techniques. Carbon dioxide reduction to formic acid (or the formate ion) proceeds with high current efficiencies (about 95%) although the overall power efficiency is low due to the high overpotential of the reaction. The reaction mechanism on tin and indium is similar to that postulated on mercury cathodes (17). The reaction rates are higher than on mercury and are affected by adsorption of intermediates and kinetics complications due to side reactions. Reduction of formic acid was only observed on tin cathodes at low current densities. The poor efficiency of this reaction is related to the formation of organometallic complexes on the electrode surface that accelerate the rate of hydrogen evolution.
ditions may still readily produce microfacets. We suggest that the standard procedures prescribed for "cleaning" Pt surfaces are probably highly effective in forming facets of another crystallographic orientation. We know of no straightforward technique to detect formation of microfacets except by the chemistry they produce.
Adsorption studies on single crystal planes of Pt imply that the adsorption and reaction properties of each crystal plane are quite distinct. For CO (17) , H~ (18) , and NO (19) on all of the major planes, results can be summarized as indicating much higher heats of adsorption and reactivities on those planes, exposing four-fold adsorption sites on (100) than the two-and three-fold sites on (110) and (111). The (111) and (110) planes exhibit similar behavior in most respects, and behavior on high index and stepped planes generally appears to be correlated with the existence of, several types of sites. It is interesting to note that stepped planes, associated with curved surfaces near a high density orientation, do not appear to form in our experiments except for the (100) plane in chloride solution; this plane is itself highly reactive. Stepped planes are predicted to be highly unstable if the high densityplane exhibits a cusp in its Wulff plot (15, 16) .
While we have only attempted to offer qualitative explanations of the molecular processes responsible for these phenomena, detailed studies of these processes are obviously necessary to explain this behavior. Crystallographic anisotropies play a dominant (and unavoidable) role in all electrochemical processes. The use of additional analytical techniques and detailed modeling will be necessary to explain these situations and to exploit them to control processes at electrode surfaces.
trodes. The reduction of formic acid is more difficult. The best electrocatalyst materials are metals with high hydrogen overpotential (lead, tin, indium) and low pzc (3, 7) . This latter condition may be related to the adsorption and desorption of reaction intermediates.
In this paper we report on the reduction of both carbon dioxide and formic acid in aqueous solutions on tin and indium cathodes. Both a-e impedance and photoemission techniques have been used in addition to electrochemical measurements to determine the reaction kinetics and mechanism.
Experimental
All measurements were performed in a standard, three compartment, all-glass cell at 23 ~ -4-0.2oC. The cell was fitted with a quartz window to allow illumination of the electrodes. Preparation of the electrodes has been described elsewhere (8) . Solutions were made from analytical grade reagents and conductivity water (8) and were deaerated by continuous bubbling of purified nitrogen. Nitrous oxide was used as a standard to calibrate the photoemission currents (9) . The concentration of carbon dioxide was altered by changing the ratio of N2 to COs in the gas flowing through the solution and was calculated from standard thermodynamic data (10) . The partial currents of the CO2 electroreduction were determined by subtracting the hydrogen evolution current measured in solutions saturated with nitrogen from the current measured in a CO JN2 atmosphere. It was assumed that, as a first approximation, the partial currents of hydrogen deposition and COe reduction were additive, i.e., there is no catalytic acceleration or inhibition of the hydrogen evolution process in the presence of CO2. The partial current of formic acid reduction was calculated from the charge consumed in methanol production during long-term electrolysis experiments, following the procedure described in Ref. (2) .
The circuits and techniques used for electrochemical,.photoelectrochemical, and impedance measurements were described earlier (8, 11) . All results are referred to the geometrical electrode area (1 cm2), although roughness factors of 2 for tin and 1.4 for indium were estimated from the capacitance results. All potentials are referred to the saturated calomel electrode (SCE).
Results and Discussion

Reduction of Carbon Dioxide
Electrochemical reduction.--The polarization curves of the electroreduction of CO2 on tin and indium cathodes in a 0.95 KCl 4-0.05 NaHCO3 solution saturated with CO2 are shown in Fig. 1 , together with the results reported on mercury under similar conditions (7) . The effect of concentration polarization has been eliminated using the values of [i -id/(id --i) ] as ordinates, where id is the limiting diffusion current in unstirred solutions and i is the cathodic current measured at any potential E.
Two Tafel regions are observed in the case of tin. The first one, at potentials E > --1.45V, has a sIope of 115 mV/decade and extends over approximately two orders of magnitude of current. The second region, at --1.45V > E > --1.SV, has a slope of 320 • 20 mV. The partial current of the COs reduction is difficult to estimate in this second region, since the hydrogen evolution currents are high and depend on both stirring and the buffer capability of the solution. In the case of indium, a single Tafel line, with a slope of 140 mV/decade, is observed over the entire potential range studied.
Within experimental accuracy, the "partial COe reduction current in the first Tafel region does not depend on solution pH, in the r~nge 1-6.5. In the second region, the current tends to increase slightly with pH, although, as mentioned above, the experimental error is large at these large negative potentials. The partial current is also independent of solution composition, i.e., similar results are obtained in carbonate, phosphate, acetate, and borate buffer solutions. Some experiments were performed using tetramethyl ammonium chloride instead of KC1 as supporting electrolyte. In all cases, formate ions are the main product of the re.action. In fact, oxalate, mallate, or glycollate were not detected by careful analysis of the solution following the procedure described in Ref. (12) . The reaction order with respect to CO2 is 1 over the entire potential range. These results are in excellent agreement with previous reports (6, 13) .
The CO2 reduction process can be represented by two successive electron transfer reactions, preceded by an adsorption equilibrium CO2 aq ~ CO2ads [1] CO2 a~s + e-~ CO2-a~ [ 
2] and
CO2~ads + AH + e-~ HCO2-+ A- [3] where AH is the proton donor and ads indicates an adsorbed species. Both capacitance and potential decay measurements indicate that coverage of the electrode by adsorbed species is small (< 5%). Assuming Langmuir conditions, the Tafel slopes of ~120 mV/decade and the independence of the cathodic currents on pH indicate that step [2] is the rate-determining step (rds) of the reaction on both electrodes, at least at the more positive potentials. The change to a TafeI slope of ,-,340 mV/decade at more negative potentials (E < --1.4V) on tin cathodes can be taken as an indication of a change in the rds.
Extrapolating the Tafel lines measured at the more positive potentials in Fig. 1 to the reversible potential of the reaction under these experimental conditions (pH -~ 7), i.e.
CO2 + H20 + 2e--* HCO2-+ HOEr = --0.76V
[4]
the approximate values of the exchange current densities 4 o for Hg ----5 X 10 -I* A/cm 2, Sn _--1 X 10 -9 A/cm 2, and In _--1 X 10 -s A/em 2 can be calculated. Even though current efficiencies as high as 99% can be obtained, the overall power efficiency of the reduction process is low because of the low io (or high overvoltages) of the reactions involved.
Photoelectrochemical reduction.~Further information about these reactions can be obtained from photoemission experiments. The irradiation of a polarized metal surface in 'contact with aqueous electrolytes with light of a certain energy (wavelength) leads to the photoemission of electrons into the solution (9, 14) . In the presence of an appropriate electron scavenger, capture of the photoemitted electrons results in generation of radical anions at or near the electrode surface. The measured photocurrent depends on the decay mechanism of these radicals: photocurrents can be observed only if they decay to electroinactive species either through dimerization or reduction at the electrode. Figure 2 shows the potential dependence of the photocurrents measured on a tin electrode in a 0.95M KCl + 0.05M NaHCOa solution, saturated with N~O and CO2. In the first case a photocurrent ip is observed at all potentials E < --0.9V. The shape of the ip vs, E curve differs from that measured, e.g., on mercury, since electrochemical reduction decreases the concentration of N20 at the surface at high negative potentials (8) . In the solutions containing CO2 as electron scavenger, a photocurrent appears only at E < --1.2V. The ratio of the photocurrents, ip(CO2)/ ip(N20), first increases wit h potential, but then remains constant for --1.4 > E > --1.6V. Once again, the decrease in ip (CO2) at large negative potentials is due to the depletion of CO2 by electrochemical reduction. Similar results were obtained on indium electrodes.
A parameter usually employed for analyzing the results of photoemission experiments is the stoichiometric number, v. This number represents the total number of electrons transferred from the electrode for each successful act of photoelectron capture in solution. For instance, ~Nso = 2. Fnr any scavenger S, and using N20 as calibration standard, the value of rs can be calculated from (15, 16) 
2ip(S) [ kN20 " CN20 ] V2
PB --ip(iNT20------'-}-ks Us [5] where ks and kN2o are the rate constants for the homogeneous reaction of solvated electrons, eaq, with S and N20, respectively, and Cs and CNsO are the corresponding concentrations. At potentials where the photocurrents are diffusion limited, the dependence of ip on the concentration of scavenger, S, can be approximated by (9, 16) [
where ie is the total photoemission current, De is the diffusion coefficient of eaq, and 8 is a parameter that depends on the function used to describe the solvated electron redeposition. Therefore Figure 3 shows the dependence of the constant photocurrent ratio (see above) on the square root of the CO2 concentration. From the slope of this line, the rate constant for the homogeneous reaction of hydrated electrons with CQ2 can be calculated. A value of keo2 = 7 X 109 M -1 sec -1 is obtained, in excellent agreement with previous reports on Hg (15) . This independence of the reaction rate on electrode material is typical of homogeneous reactions.
The following mechanism has been proposed to account for the photocurrents observed in COs solutions (15) COs + e-aq'* CO2 ~ Here the subscripts aq and M indicate electrons that are hydrated in solution or in the metal, respectively. Some of these species may be adsorbed on the electrode surface (see below). This mechanism shows that a photocurrent will be. observed only if the radical anion formed after capture of e~q by COs, Eq. [8] , is further reduced at the electron through step [9] (rcos = 2). Otherwise, if the radical is re-oxidized through step [10] , no photocurrent should appear (vcos --0). From the results in Fig. 2 , we conclude that vcos goes from 0 to 2 over a narrow potential range (~150 mY).
~6. 
where io is the electron photoemission current after subtraction of the redeposition current of electrons that do not react with the CO2 scavenger molecule, f --F/RT, CAH is the concentration of the proton donor AH, ko9 and kol0 are the rates of reactions [9] and [10] , respectively, at the corresponding standard potentials Eos and fog, and a and ~ are the charge transfer coefficients. The factor 2 in Eq. [11] represents the stoichiometric number for the total photoelectrochemical reduction of CO~. From Eq. [11] , the photocurrent goes to 0 at the more positive potentials (E --Eol0 >> 0), and to 2io at more negative potentials (E --Eo9 << 0). Equation [11] can be rearranged to give
Here k9 ---ko9 exp(a]Eog) and kl0 --kol0 exp(--MEol0).
The product of solvated electron capture by N~O (i.e., HO') is completely reduced at potentials E < --0.gv. Therefore (14) [ kco~'Cco2 ] ~/' 2io : ip(N20) • kN20 CN20
[13] Figure 4 shows the results of plotting the experimental data obtained on tin and indium electrodes according to Eq. [12] . The value of (2io/i, --1) gives the ratio between the rates of CO2 ~ reduction and oxidation according to Eq. [9] and [10] , l:espectively. This ratio is equal to 1 at a potential E* : --1.35V on tin, --1.25V on indium, and --I.SV on mercury (15) . At more positive potentials, corresponding to the first Tafel region of the polarization Curves of tin in Fig. 1 , the oxidation rate of CO2-is higher than its reduction rate. At potentials E < --1.35V, i.e., in the second Tafel region in Fig. 1 , the reduction of CO2 ~ predominates over its oxidation. From the slope of the lines in Fig. 4 , the value a + ~ --0.6 for both tin and indium can be calculated. On mercury, on the other hand, this value is ca. 0.9. The values of E@ are independent of pH above 5.5, indicating that water molecules act as proton donors. As expected from Eq. [11] , E* are also independent of the CO2 concentration.
The differences between the values of overpotential for CO~ reduction on Hg and Sn in the dark (~0.25V) and under illumination (,-~0.15V) are almost equal. We can thus assume that the reaction mechanism on both metals is the same, as described by Eq. [1]- [3] .
Step [2] is the rds at g > --1.4 (in the first Tale! region). At more negative potentials, step [3] determines the reaction rate. The small potential dependence of the current in this region may be due to a decrease in the surface concentration of CO2 ~ as the electrode potential is made more negative. As mentioned earlier, the partial current of CO2 reduction increases slightly with pH in the second Tafel region, a result that is at variance with the postulated rds. This apparent contradiction arises from the assumption that the background current due to hydrogen ion reduction remains constant in solutions saturated with CO~ or N2. This assumption may not be valid in acid solutions (see below). The dependence of the reaction rate (and E@) on the nature of the cathode indicates that the reaction intermediates are adsorbed on the surface. The surface coverage, however, is very small.
Some photoelectrochemical experiments were performed in 1M KC1 solutions saturated with either N2 or CO~ and containing 1 • 10 -a, 2 X 10 -3 , 5 X 10 -3 , and 2 • 10-2M HC1 to adjust the solution pH. Since two electron scavengers, H + and CO2, are present, the resulting photocurrents are determined by the electrochemical behavior of the primary products formed, H" atoms and CO2" radicals. In a first approximation, we can neglect any secondary reactions between the radicals initially formed and the scavengers in solution. Thus, the photocurrent measured with two competing scavengers, A and B, is related to that produced by a single species by (9) ip(A + B)
I~AkACA -[-rBkBCB -- [ 
14] ip(A)
yA(kACA) 1/2 (kACA + kBCB) u Figure 5 shows some typical results obtained on tin electrodes in acid solutions saturated with N~O, N2, 
The constant ratio ip(H)/ip(NsO)
at potentials E > --1.2V indicates that oxidation of the H" atoms formed after the initial electron capture by H + does not occur within the potential range considered here. Thus, the photoelectrochemical reduction of H + can be described by
H + + eaq-~ H" [1,5]
H' + H + + e~----> H~ [16] From the dependence of the photocurrent ratio on the hydrogen ion concentration, a value of kH = 1.3 X I0 TM M -1 sec "1 can be calculated, i~ good agreement with previous reports (9) . The decrease in ip(H) at high negative potentials is caused by the depletion of H § ions due to their electrochemical reduction.
When the results obtained in the COs-saturated solution are analyzed using Eq. [14] , negative values of ~co2 are calculated at E > --1.1V. The failure of this model to describe the behavior of acid COs solutions arises from the assumption that there is no interaction between the radicals and the scavengers in solution. This interaction may be stated in terms of the reaction between a fraction of the H' atoms produced through Eq. [15] with CO2 molecules in solution (15, 16) H" + COs ~ COOH [17] 
If the COOH or COs = radicals thus formed are oxidized there will be a net decrease in the photocurrent as compared with COs-free solutions. The ratio of photocurrents will then be given as (15, 16) ip(H + + CO~)
where QH = (kx.Ccos/DH)~, kH. is the rate constant of the reaction of H" with CO2, DH is the diffusion coefficient of H', and ~QHkHC, accounts for the reactivity of H" atoms toward CO2. The parameter (1 --8QH) can be calculated from the photocurrent ratio at potentials E > --1.IV (15) and is equal to 0.7. Equation [19] can be used to determine the potential dependence of ~coe in acid solutions. COOH -5 eM---'~ HCOs- Figure 6 shows the result of plotting the photocurrent data obtained on a tin electrode in acid solutions saturated with CO2 according to Eq. [20] . Measurements at pH < 2 are difficult because the dark currents become high and the electrode surface is covered with hydrogen bubbles. An average value of ~ -5 ~ = 0.5 can be calculated from the slope of the lines, as compared with 0.6 on mercury. As expected from Eq.
[20], E* shifts toward more positive potentials with an increase in the hydrogen ion concentration. From the limited data available it is not possible to deter- E/v mine the pH at which the reaction mechanism changes from that described by Eq. [9] - [10] to that of Eq.
[21]- [22] .
Hydrogen atoms can also be formed during the electrochemical reduction of H + in the dark, i.e., H + -5 eM-<'--> H'. These atoms can then react with adsorbed CO~ molecules, following a mechanism equivalent to Eq. [18] . The result of this process would be the "chemical" reduction of CO2, with simultaneous elimination of H" atoms. For this reason, the partial current of hydrogen evolution may decrease in the presence of COs. The experimental procedure used to determine the partial COs reduction current was based on the assumption that the hydrogen current remains constant in both N~-and COs-saturated solutions. Therefore, coupling of the two reactions leads to erroneous conclusions regarding the pH dependence of the COs reduction rate. A similar explanation was advanced in the case of mercury cathodes (15) .
Reduction of Formic Acid
Electrochemica~ reduction.--The electrochemical reduction of formic acid on both tin and indium electrodes is a slow process. Solution analysis (2) revealed that methanol was the only detectable reaction product. During long-term electrolysis experiments (48 hr at currents between 1 and 50 ;LA), the highest current efficiency (,~95%) was measured on tin cathodes in a 0.SM HCOOH -5 0.5M HCOONa solution at i N 5 ~A, corresponding to a potential E = --0.95V. The efficiency fell quickly at more negative potentials.
At constant potential (--0.85V > E > --1.2V) the current increased slowly with time due to an acceleration of the hydrogen evolution process. A similar behavior was observed during electrolysis of formaldehyde solutions (8) and ascribed to the formation of tin complexes on the surface that reduce the hydrogen overpotential. The low efficiencies for formic acid reduction can thus be attributed to the competition of the hydrogen evolution reaction.
Further information about the system can be obtained from electrode impedance measurements.
Photoelectrochemical reduction.--The primary product formed after capture of eaq by HCOOH may decompose according to (15) HCCOH ~ --> HCOO--5 H"
[23]
or HCOOH ~ ~ HCO" -5 HO-
H" atorr~ may also react with the formate ion
H" + HC00--* H~, + CO~" [9.5] 
IO00 J
The photoelectrochemieal behavior of formic acid solutions should be similar to that of CO2-saturated N solutions, with the additional complication introduced ~--" 500 by reaction [24] . This has been shown to be the case on mercury electrodes (15) : the potential dependence "W" of the photocurrent exhibited a prewave, due to the reduction of CO2 "~ radicals following Eq.
[23] and [25] and a main wave due to the reduction of HCO" radicals. On tin and indium, on the other hand, a single wave is found. The ratio ip(HCOOH)/ip(N~O) is eor~tant over the entire potential range considered, indicating that reduction of the HCO" radical is a diffusion-limited process. Figure 7 shows the HCOOH concentration dependence of this constant ratio, from which a value of kHcooH ----1.4 X 109 NI-1 see-1 can be calculated. This value is one order of magnitude
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larger than the one "reported by Gordon et al. (18) , which seems too low, and similar to the one measur#d on mercury (15) . From these results we conelude that the rds of HCOOH reduction on both tin N and indium is the transfer of the first electron to the HCOOH molecule. The reaction mechanism involves HCO" radicals as an adsorbed intermediate. The dif-' I0 ferenees observed with respect to mercury electrodes can be ascribed to the higher rate of H" and CO~ ~" reduefion on these metals. It is also possible that the electrode surface has a significant influence on the way the initially formed radical decomposes, i.e., the ratio of H-to HCO" produced. Similar results were obtained on indium electrodes. The complex plane spectrum (CPS) shows a single loop within the frequency range 10 kHz-2 Hz that can be analyzed on the basis of a Randles equivalent circuit (19) . It is then possible to calculate the double layer capacitance, Cd~, the charge transfer and electrolyte resistances, Rct and Re, and the Warburg impedance, Rw. Figure 9 shows the potential dependence -Q95V tooo. R~t X i (where { is the cathodic current measured under potentiostatic conditions) is constant over the entire potential range here considered. Under these conditions it is not possible to separate the contribution of the HCOOH reduction reaction to the overall current. Future work will involve extending the low frequency limit below 1 Hz in order to observe slow processes, e.g., desorption of HCOOH.
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ABSTRACT
The electrochemical behavior of the cation exchange polymer Nation containing tetrathiafulvalenium (TTF +) on a platinum sub strate is described. The polymer electrode shows cyclic voltammetric behavior similar to that of solid films of TTF on platinum. In 1.0M KBr the oxidized form of the electroactive molecules in the polymer (TTF § forms nonstoichiometric complexes with Br-. The peak potentials in cyclic voltammetry shift with changes in concentration of supporting electrolyte, temperature, and anion of the supporting electrolyte. Very narrow cyclic voltammetric waves are observed that result in part from attractive interactions between the electroactive molecules. The separation in peak potential of the reduction and oxidation waves is explained by formation of TTFBr07 which stabilizes the oxidized form (TTF § and makes it harder to reduce. Peak potentials for the oxidation and reduction shift closer together as the scan rate is lowered, which is explained by a "square (reaction) scheme."
The electrochemistry of layers on electrode surfaces, both solids and polymers, has been investigated by many research groups. The cyclic voltammetric behavior of the surface-confined layers frequently deviates from the theoretical "thin film" behavior of a one-electron nernstian reaction at 25~
i.e., peak width at half-height (hE1/2) of 90.6 mV and no splitting between the anodic and cathodic peaks (2~Ep Epa --Epc ----0) (1). Relatively few films show a hE1/2 significantly smaller than 90.6 mV (2). These narrow cyclic voltammetric (CV) waves were attributed to interactions among the electroactive molecules and phase formation in the layer. Large peak separations observed in cyclic voltammetry at fast scan rates (1 V/sec and larger) have been attributed to slow heterogeneous kinetics and resistance effects in the layer. Even at slow scan rates, where heterogeneous kinetics and resistance usually are not of importance, finite hEp values have been observed. These have been explained by kinetic effects associated with phase for-* Electrochem'-cal Society Student Member. mation (nucleation overpotential) (2d) and interconversion between different forms of the polymer-contined electroactive molecules with different standard potentials (3).
We recently described unusual CV behavior of a pelymer electrode in which tetrathiafulvalenium ion (TTF + ) was incorporated into a layer of the perfluorinated sulfonate polymer, Nation (NAF) (4). This polymer electrode exhibited narrow (~EI/2 ~ 20 mV) CV waves and AEp of ~ 150 mV at intermediate scan rates (e.g., 10 mV/sec). This is remarkably similar to the electrochemical behavior of solid films of TTF. In this paper we describe more detailed studies of the electrochemical behavior of the TTF/NAF polymer electrode, examining the effects of supporting electroIyte concentration, different supporting electrolytes, temperature, and different scan rates in cyclic voltammerry. We also obtained absorption spectra of the TTF polymer on SnO2 transparent conducting electrodes, which yielded information about the nature of the electroactive TTF molecules in the polymer. In a related paper the behavior of solution redox species on the TTF polymer electrodes is described (5).
